Abstract: This study compares experimentally determined and simulated mechanical strength of different geometries laser cut into alumina ceramic substrates. A digital power modulated 500 W single mode fiber laser is used to cut differently shaped inner contours into rectangular ceramic substrates. The flexural strength of these samples is measured by a 3-point-bending test. In addition, employing a finite element simulation the principal stress of these geometries during a 3-point-bending is simulated with a linear elastic model. The reciprocal of the simulated stress is compared with the measured strength revealing an excellent agreement. We, therefore, can conclude that the strength reduction by cutting inner contours can be exclusively explained by the geometry of the rectangular, which in turn implies that the fiber laser cutting process itself causes no relevant additional structural damage. These results highlight the superior quality of digital power modulated fiber laser cutting of ceramics. Moreover, we demonstrate by a further comparison between experimental and simulated results that an increased strength is feasible by displacing fragile parts of inner contours to areas with less mechanical load.
Introduction
During the last decade the demand for alumina ceramic substrates for electronic applications has increased significantly. Due to their manifold advantages over other substrate materials, such as paper and glass fiber reinforced plastics, ceramic substrates are found in, e.g., automotive, telecommunication, and power electronics as well as in various sensor systems. The most important of such advantages is the high thermal conductivity of electronic ceramics. Standard and frequently used FR4 has a thermal conductivity of 0.3 W/mK, while alumina is characterized by 25 W/mK [1] . As a result, the need of additional cooling is reduced when using Corresponding author: Benedikt Adelmann, M. Eng, scientific engineer, research field: laser material processing. ceramic substrates. Further advantages of alumina as compared to standard FR4 are the chemical inertness, lower dielectric loss factor and the much higher maximum operation temperature [2] . For interlayer connection, fixation and for through hole devices inner contours are necessary. Producing these inner contours requires efficient methods which do not damage the ceramic substrate even when cutting complex contours.
Due to its high hardness and chemical inertness alumina is very difficult to machine mechanically or chemically [3, 4] . Therefore, different laser sources and processing strategies have been investigated over the last two decades. Yet in industry, processing nowadays predominantly relies on CO 2 lasers. However, laser machining is a thermal process resulting in mechanical stress [5] . This stress can reduce the mechanical strength of the material D DAVID PUBLISHING
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significantly. Zhang et al. [6] cut rectangles in 3 mm thick silicon nitride composite ceramic with a pulsed 120 W Nd:YAG laser and measured the flexural strength after cutting with a 3-point-bending test. The results reveal a 60% strength reduction caused by the laser cutting process. Compared to that fiber laser cutting of 0.63 mm thick alumina substrate resulted in only 3% strength reduction [7] . The importance of mechanical damage is further highlighted by a prominent number of publications about the creating of cracks during ceramic cutting.
Hong et al. [8] To avoid cracks in ceramics processing short pulsed laser or excimer lasers have also been investigated. Wang et al. [12] presented results on cutting holes in 0.63 mm thick alumina substrates using a 150 femtosecond short pulse laser with an average power of 0.8 W in a multi pass process. The authors achieved very high cutting quality but only an effective cutting velocity of 1.5 µm/s, which is much too slow for industrial applications. The use of a KrF excimer laser at 248 nm by Lump and Allen [13] in cutting vias into 0.63 mm thick alumina nitride showed good quality but revealed major problems with cracks. With 3,000 pulses for one via at 50 Hz laser repetition rate the process is also too slow for industrial applications.
In ceramics the cut geometry has a major influence on the crack formation. Black and Chua [14] cut complex contours in 9.2 mm thick alumina with a power modulated 530 W CO 2 laser at 1.5 mm/s and report significant problems with cracks inside and near sharp corners. In addition, inner geometries result in a significant lower strength of the ceramic during fiber laser cutting [15] .
To recapitulate, literature reveals that laser cutting of ceramics often results in cracks in the substrate and a corresponding reduction of the strength. Especially, complex contour cutting leads to major crack formation which in turn results in a weakening of the material. Hence, it is essentially necessary to determine whether the observed strength reduction during contour cutting in ceramic is caused by the impacts of the laser process or by the chosen geometry. We, therefore, compare the measured strength of different geometries cut in alumina with simulated stress results for these geometries using COMSOL Multiphysics® Structural Mechanics Module. As we have recently shown that fiber lasers can be employed to efficiently cut alumina [15] despite the unfavorable emission wavelength in the near infrared as compared to frequently used CO 2 lasers, this comparative study is continuatively also based on a digitally modulated fiber laser.
Experimental setup
Laser System
In this study, a continuous wave 500 W single mode fiber laser (IPG Photonics) was used to perform the experiments. The laser system is equipped with linear stages (x, y) for the workpiece (Aerotech) and a fine cutting head (Precitec) attached to a linear drive (z).
The assisted gas (nitrogen) with purity greater than 99.999% flows coaxial to the laser beam. The gas 
Alumina Ceramic
The substrate material used in the experiments is alumina (CeramTec) with a thickness of 0.63 mm, one of the most commonly used thickness in electronic industry. The material has a purity of more than 96% and a density of 3.5 g/cm³. For laser processing the optical properties such as reflectivity and absorption of alumina are important. Therefore, the transmission and reflection spectra of alumina are measured with a broad band light source, an integrating sphere and an optical spectrometer at room temperature. As depicted in Fig.  1 for the transmission measurement a broad band light source illuminates the sample with the transmitted radiation being collected with an integrating sphere and being guided to a fiber coupled optical spectrometer. For reflection measurements, the light source radiates through an aperture into the integrating sphere onto the sample and the reflected radiation is collected by the integrating sphere and guided to the spectrometer.
The percentage of reflected and transmitted radiation is shown in Fig. 2 . It is obvious that alumina has an almost constant reflection and transmission between 400 nm and 1,200 nm (visible and near infrared region). In detail the optical reflection is determined to 81% at 1,070 nm wavelength, i.e., the emission wavelength of the applied fiber laser. This is comparable to the reflectivity of 79% reported by Liu et al. [16] . With respect to the laser cutting process using a near infrared fiber laser, please note that Zhang and Modest [17] published experimental results showing that the absorption of alumina at 1,064 nm significantly increases to more than 90% at temperatures exceeding the melting point of the material. The room temperature transmission is determined to 15% at 1,070 nm. Please note that the reflected and transmitted radiation for these ceramic substrates is strongly scattered rather than directed.
Flexural Strength Measurement
To measure the flexural strength, a 3-point-bending test machine (Thuemler) is used with 20 mm distance between the two contact points. Fig. 3 shows the schematic diagram of the 3-point-bending test including the relevant dimensions.
The flexural strength is calculated with Eq. (1) from the maximum force F which the sample withstands before breaking. Here l is the distance between the two contact points, b stands for the width of the sample and d expresses the sample thickness. The velocity of the bending test is set to 1 mm/min as recommended by Bengisu [2] .
To assess the influence of laser cut inner contours on the flexural strength, four different inner contours (namely a circle, 2 circles, a rectangle and a rhombus) are cut into the middle of the samples as shown in Fig.  4 . The width of all rectangular samples is 4 mm and the inner contours reduce the width in the center of the rectangular by 1 mm. For the calculation of the flexural strength the effective width of 3 mm is used. For reference purposes, additionally 3 mm wide rectangles without inner contours are cut and the flexural strength measured.
Simulation
To evaluate whether the observed strength reduction is caused by the impacts of the laser process or the chosen geometry itself, we simulated the 3-point bending test using COMSOL Multiphysics® Structural Mechanics Module. In the stationary model, the geometries from Fig. 4 and the reference sample (rectangular without any inner contour) are designed as cut on the laser machine (width of 22 mm and a thickness of 0.63 mm). Because alumina is a brittle ceramic which is not able to deform plastically, the samples are treated as a linear elastic material following Hooke's law (Eq. (2)). In this equation σ represents the mechanical stress, E the Young's modulus and ε the strain. are applied. In the middle of the specimen a line force with 10 N is applied on the entire width of the sample. This magnitude of this force is chosen with respect to the typical breakup forces of the ceramic samples. The mechanical stress in 3 dimensional materials is described by the stress tensor in according Eq. (3) containing the normal stresses σ , , in all spatial directions on the diagonal and the shear stresses τ in two spatial directions perpendicular to each normal stress (elements outside the diagonal).
The eigenvalues of the stress tensor calculated with Eq. (4) using the unit matrix I is the principal stress σ [18] . Geometrically, this effect can be explained by rotating the volume element of the stress tensor in order to eliminate the shear strength. det σ 0 (4) Because of its brittleness alumina breaks up at once when the maximum of the principal stresses exceeds the material strength [19] . Therefore, the maximum principal stress is calculated to locate the area in the sample which in practice would initiate the mechanical breakup.
Results
Strength for Different Inner Contours
The series of samples with the geometries shown in Fig. 4 and the reference sample are cut with the fiber laser (parameters as mentioned in section 0). The flexural strength of the cut specimen is measured with the 3-point-bending test and the results as well as their standard deviation are shown in Fig. 5 . It is obvious that the reference sample has the highest strength follow by the circle. The lowest strength is measured by samples with edges in the inner geometry.
The same geometries are modeled during 3-point-bending with a force of 10 N and the principal stresses in the samples are calculated. The spatial distribution of the stress at the bottom side of the samples is illustrated in Fig. 6 , with red colors indicating a high and blue a low mechanical stress. Here, the bottom side of the samples is shown as on this side the impact of the bending test is higher as compared to the top side. Fig. 6 reveals the highest stress in the middle of the sample at the edges of the inner contours. Please note that the stress is normalized to the maximum stress of each sample. For the sample with an inner circle (Fig.  6a) , the area of high stress is bigger and the forces are further spread which, in turn, results in a lower maximum stress. For the samples including the rhombus and the rectangle (Figs. 6c and 6d) , the stress is concentrated at the corners of the inner contour which leads to a much higher maximum stress.
The area with the maximum stress initiates the breakup [19] which is experimentally confirmed during the bending test for all types of inner contour: the specimens with inner circles break up through the middle of the circles and the sample with the rhombus breaks up exactly through the 2 edges with the highest simulated stress. Accordingly, the samples with a rectangle inner contour, always break up at two adjoined edges rather than in the middle of the inner rectangle.
A high maximum stress at constant load means that only a low load can be applied before the maximum stress exceeds the critical stress of mechanical breakup. On the other hand, a low maximum stress at constant load results in a high possible load before the maximum stress reaches the critical stress of breakup [19] . Because the material is linear elastic, the reciprocal of the maximum stress is a sign of the mechanical strength. To obtain a comparable value to the measured strength, the reciprocal of the maximum simulated stress is normalized to the strength of the reference sample (454 MPa). These comparable values for the chosen geometries are depicted in Fig. 5 . Apparently, the simulated results reveal by trend an excellent agreement with the experimental data and verify the tendency of lower strength for inner contours, especially those with edges. Therefore, we conclude that the strength reduction by cutting inner contours can be entirely explained by the geometry, i.e., the digitally modulated fiber laser cutting process causes no supplementary strength reduction. Additional damages in laser cut corners as reported, e.g., by Black and Chua [14] are not observed during modulated fiber laser cutting. In turn, these results highlight the superior quality of digital power modulated fiber laser cutting of ceramics for complex contours.
Edge Displacement for Higher Strength
In order to achieve a high strength even in cases when inner contours with edges are required, an improvement of the strength can be accomplished by a displacement of the weakening contours to areas with 
